ABSTRACT: Selective two-electron plus two-proton (2e . A detailed kinetic study on the homogeneous catalytic system reveals the rate-determining step to be the O 2 -binding process in the presence of HClO 4 at lower temperature as well as at room temperature. The O 2 -binding kinetics in the presence of HClO 4 were studied, demonstrating that the rate of formation of the hydroperoxo complex 3 as well as the overall catalytic reaction remained virtually the same with changing temperature. The apparent lack of activation energy for the catalytic two-electron reduction of O 2 is shown to result from the existence of a pre-equilibrium between 2 and O 2 prior to the formation of the hydroperoxo complex 3. 
. A detailed kinetic study on the homogeneous catalytic system reveals the rate-determining step to be the O 2 -binding process in the presence of HClO 4 at lower temperature as well as at room temperature. The O 2 -binding kinetics in the presence of HClO 4 were studied, demonstrating that the rate of formation of the hydroperoxo complex 3 as well as the overall catalytic reaction remained virtually the same with changing temperature. The apparent lack of activation energy for the catalytic two-electron reduction of O 2 is shown to result from the existence of a pre-equilibrium between 2 and O 2 prior to the formation of the hydroperoxo complex 3. No further reduction of [Cu II (tepa)(OOH)] + (3) by Fc or Me 2 Fc occurred, and instead 3 is protonated by HClO 4 to yield H 2 O 2 accompanied by regeneration of 1, thus completing the catalytic cycle for the two-electron reduction of O 2 by Fc or Me 2 Fc.
■ INTRODUCTION
Among copper proteins containing one or more copper ions as active site prosthetic groups, many are involved in dioxygen (O 2 ) processing and they can be classified into several types depending on their function and their specific copper ion coordination environments.
1,2 Suitable ligation of the reduced form Cu I complexes includes N-, S-, or O-atom donor elements, which at some point in the protein catalytic cycle allows for reaction with O 2 to generate copper−O 2 complexes, Cu II n (O 2 ) (n = typically 1−3), which are utilized for O 2 transport (2Cu I + O 2 ↔ Cu 2 (O 2 )) and substrate oxygenation.
1−4 Galactose oxidases 5 and amine oxidases, 6 which are one class of copper oxidases, catalyze two-electron substrate oxidations, while reducing O 2 to hydrogen peroxide (H 2 O 2 ). 7 Multicopper oxidases such as laccase also activate oxygen at a site containing a 3 + 1 arrangement of four Cu atoms, exhibiting remarkable electroactivity for the four-electron reduction of oxygen at potentials approaching the thermodynamic value of 1.2 V (vs RHE).
8 Cytochrome c oxidases (CcOs), with a bimetallic active site consisting of a heme a and Cu (Fe a3 /Cu B ) are also capable of catalyzing the four-electron reduction of dioxygen to water while coupling this process to membrane proton translocation and evenually to ATP biosynthesis. 9, 10 The catalytic four-electron reduction of dioxygen (O 2 ) to water has merited increasing attention not only because it aids the elucidation of fundamental principles relevant to biological processes (as above) but also because of the technological significance, such as in fuel cell applications. 11−18 In the fuel cell, the four-electron reduction of O 2 is catalyzed at the cathode by platinum impregnated in carbon. 19, 20 The high loadings of this precious metal that are required to achieve appreciable activity have prompted considerable activity in the development of catalysts based on nonprecious metals such as Co, Cu, and Fe. (Scheme 1) (where XYLO is an m-xylene-linked bis(2-(2-pyridyl)ethyl)amine dinucleating ligand with a copper-bridging phenolate moiety) has been reported to catalyze the twoelectron reduction of O 2 in the presence of trifluoroacetic acid via a hydroperoxo intermediate. 26 In all of these cases, however, a strong one-electron reductant such as decamethylferrocene (Fc*) was required to reduce O 2 with these Cu complex catalysts. In order to use weaker reductants, the one-electron reduction potentials of Cu II complexes should be more positive than those found for [Cu II 2 (XYLO)(OH)] 2+ (−1.04 V vs Fc/ Fc + ). 26 However, Cu I complexes with rather positive oneelectron-oxidation potentials cannot react with O 2 , as reported previously. 34 Thus, there has so far been no report on the selective two-or four-electron reduction of O 2 by one-electron reductants weaker than Fc* with Cu complexes.
We report herein the selective two-electron reduction of O 2 by ferrocene (Fc) and 1,1′-dimethylferrocene (Me 2 Fc), which are much weaker one-electron reductants than Fc*, using a mononuclear copper (II) Instrumentation. UV−vis spectra were recorded on a HewlettPackard 8453 diode array spectrophotometer equipped with a UNISOKU Scientific Instruments Cryostat USP-203A for lowtemperature experiments or an UNISOKU RSP-601 stopped-flow spectrometer equipped with an MOS-type highly sensitive photodiode array. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were performed on an ALS 630B electrochemical analyzer, and voltammograms were measured in deaerated acetone containing 0.10 M tetra-n-butylammonium hexafluorophosphate (TBAPF 6 ) as the supporting electrolyte at room temperature. A conventional three-electrode cell was used with a glassy-carbon working electrode (surface area of 0.3 mm 2 ), and a platinum wire was the counter electrode. The glassy-carbon working electrode was routinely polished with a BAS polishing alumina suspension and rinsed with acetone before use. The potentials were measured with respect to the Ag/AgNO 3 (10 mM) reference electrode and were converted to values vs ferrocene/ferrocenium ion (Fc/Fc + ). All electrochemical measurements were carried out under atmospheric nitrogen pressure. X-band EPR spectra were recorded at 77 K using a JEOL JES-RE1XE spectrometer. The magnitude of modulation was chosen to optimize the resolution and signal-to-noise (S/N) ratio of the observed spectra under nonsaturating microwave power conditions. The g values and hyperfine coupling constants were calibrated using an Mn 2+ marker. The experimental parameters for EPR spectra were as follows: microwave frequency 9.2 GHz, microwave power 1.0 mW, and modulation frequency 100 kHz. The EPR parameters were determined by anisotropic simulation using an AniSimu/FA version 2.0.0 program coded by JEOL Ltd.
Kinetic Measurements. Spectral changes in the UV−visible range were recorded on a Hewlett-Packard 8453 diode array spectropho-tometer equipped with a Unisoku thermostated cell holder for lowtemperature experiments. Rate constants for oxidation reactions of ferrocene derivatives by O 2 in the presence of catalytic amounts of [Cu II (tepa)] 2+ and an excess amount of perchloric acid (HClO 4 ) in acetone at 298 K were determined by monitoring the appearance of the absorption band due to the corresponding ferrocenium ions (Fc + , λ max 620 nm, ε max = 430 ± 20 M −1 cm −1 ; Me 2 Fc + , λ max 650 nm, ε max = 360 ± 20 M −1 cm −1 ). The limiting concentration of O 2 in an acetone solution was prepared by a mixed gas flow of O 2 and Ar. The mix of gas controlled by using a gas mixer (SMTEK, Korea), which could mix O 2 and Ar gases at specific pressures and flow rates. The O 2 concentration in an O 2 -saturated acetone solution (11 mM) was previously determined by spectroscopic titration in the photooxidation of 10-methyl-9,10-dihydroacridine by O 2 . 37 Spectroscopic Measurements. The amount of H 2 O 2 produced in reactions was determined by titration with iodide ion. 38 The diluted acetone solution of the reduced product of O 2 was treated with an excess of NaI. The amount of I 3 − formed was then quantified using its visible spectrum (λ max = 365 nm, ε = (2.
Under an open atmosphere, [Cu II (tepa)](ClO 4 ) 2 (1; 0.16 × 10 −3 M) was dissolved in 3 mL of O 2 -free acetone. The cuvet was cooled to −80°C in a Hewlett-Packard 8453 diode array spectrophotometer equipped with an Unisoku thermostated cell holder. HClO 4 (3.0 × 10 −3 M) was added to the reaction solution, and the formation of the hydroperoxo species was followed by the change in the absorbance at 345 nm (ε = 7000 ± 100
■ . 24a The tepa ligand forms a six-membered chelate ring in 1, whereas the tmpa ligand forms only a five-membered chelate ring in [Cu II (tmpa)] 2+ (Chart 1). Such a change from the five-to the six-membered ring is generally known to result in a large positive shift in the Cu II/I redox potential. 39 This effect has its origin in the difference in ligand binding constants to Cu(II), which are much larger for five-vs six-membered chelate rings in multidentate ligands, as elucidated and summarized by Rorabacher and co-workers. ) is required to observed the catalytic cathodic current, indicating that the catalysis is a relatively slow process (vide infra).
Catalytic 
(1) Figures S7d in the Supporting Information) . Thus, the overall rate expression is given by eq 3, where k cat is the apparent thirdorder rate constant for the catalytic two-electron reduction of O 2 by Fc and Me 2 Fc. The kinetic formulation in eq 3 obtained in this study is quite unique because the rate is proportional to concentrations of not only the catalyst 1 but also O 2 and HClO 4 . In such a case, the rate-determining step in the catalytic cycle should involve the reactions of 1 with O 2 and H + . In order to elucidate the catalytic mechanism that could explain such a unique kinetic formulation, we decided to examine each step in the catalytic cycle, step by step.
We also examined the overall catalytic reaction at different temperatures. Remarkably, variable-temperature studies revealed that the catalytic rate was not affected by changes in temperature ( Figure 5 ). ) and activation entropies (ΔS ⧧ = −3 ± 2 and −2 ± 2 cal K −1 mol −1 ) for the Fc and Me 2 Fc reactions, respectively. An activation entropy close to 0 was previously reported for electron transfer from ferrocene derivatives to Cu(II) complexes. 26 (1). When 1 was treated with O 2 and HClO 4 , the bright green hydroperoxo complex 3 (vida infra) was produced, possessing an intense absorption band at 345 nm (ε = 7000 ± 100 M + where bppa = bis(6-pivalamido-2-pyridylmethyl)(2-pyridylmethyl)amine, 44 357 nm for fivecoordinate square-pyramidal [Cu(N 3 S-type)(OOH)] + where N 3 S = 2-bis(6-methyl-2-pyridylmethyl)amino-1-(phenylthio)-ethane, 45 + where tmpa = tris(2-pyridylmethyl)amine 43, 47 ). An EPR spectrum of [Cu II (tepa)] 2+ in frozen acetone solution at 77 K exhibits the parameters g ∥ = 2.320 ± 0.002, g ⊥ = 2.128 ± 0.001 and |A ∥ | = 159 ± 3 G, indicating the typical tetragonal spectrum for four lines in the downfield region due to the Cu nuclear spin (I = + with the EPR parameters described above agree perfectly with the observed spectra, as shown in Figure 8 .
A similar EPR spectrum was reported for [Cu(bpba)-(OOH)]
+ with EPR parameters of g ∥ = 2.26, g ⊥ = 2.06 and |A ∥ | = 175 G in acetone at 77 K, although no superhyperfine due to nitrogens was observed in that case. 43 Thus, the EPR spectrum observed in Figure 8b and the LMCT band seen in the higher energy region in Figure 7 [Cu I (tepa)] + (2) was known to be unreactive toward O 2 in the absence of HClO 4 . 34 This lack of reactivity likely results from a combination of steric hindrance and electronic effects and also from the complex's high positive redox potential. The crystal structures of [Cu II (tepa)] 2+ (1) and [Cu I (tepa)] + were reported earlier. 49, 50 The structural parameters clearly indicate that both the complexes are strongly constrained. Because the arm size of the tepa ligand is larger than that of the tmpa ligand, any steric effects may be more prominent with tepa's sixmembered chelate rings; the pyridyl rings of the donor ligands may extend out more into the region around the Cu II ion, where a fifth ligand, such as hydroperoxide anion, would approach and bind the metal ion.
In (Figure 9a and Figure S17 in the Supporting Information), and the pseudo-first-order rate constant increased in proportion to the concentration of HClO 4 ( Figure  9b ). The observed rate constant exhibits no temperature dependence in the range between 193 and 223 K (Figure 10 and Figure S18 in the Supporting Information). The apparent zero activation energy or even negative activation energy has precedence and has been observed for reactions when an intermediate first forms and when the absolute value of the heat of formation of the indermediate is equal to or larger than the , which required the use of a strong one-electron reductant such as Fc*. As a consequence, the rate-determining step changed from the electron-transfer reduction of [ )] + (a negative value) by the subsequent activation enthalpy for the PCET reduction (a positive value). It is also notable that, by use of perchloric acid to help drive the reaction toward Cu(II)− hydroperoxo formation, we have turned a copper(I) complex which is completely unreactive toward O 2 to undergo oxygenation and facilitation of catalytic O 2 -reduction chemistry. This study has provided a deeper insight into the control of two-electron vs four-electron reduction of O 2 , paving a promising way to the future development of efficient catalytic systems for production of H 2 O 2 , a promising candidate as a renewable energy source. 58, 59 ■ ASSOCIATED CONTENT
